Studies in the vertebrates have shown that the time-locking ability of central auditory neurons decreases progressively along the ascending auditory pathway. This decrease is presumably attributed to a progressive reduction in the fidelity of synaptic transmission and an increase in the influence of synaptic inhibition along the cascade. The extent to which neurons' intrinsic biophysical properties contribute to the change in time-locking ability is unclear. We carried out whole-cell patch clamp recordings from the auditory thalamus of leopard frogs and compared their biophysical properties and time-locking abilities (determined by cell's responses to depolarizing pulse trains applied intracellularly) to those of lower auditory brainstem neurons. We found that frog thalamic neurons were homogeneous, exhibiting uniformly sustained-regular firing patterns, but not having low-threshold transient Ca 2+ current which mammal thalamic neurons generally possess. Furthermore, intrinsic biophysical properties of the thalamic neurons are such that the time-locking ability of these neurons was very poor. The homogeneity of thalamic auditory neurons is in contrast to the heterogeneity of lower auditory brainstem neurons, with different phenotypes exhibiting different time-locking abilities and with sustained-regular phenotype consistently showing the worst time-locking ability among all biophysical phenotypes. Auditory nuclei along the ascending auditory pathway showed a progressive increase in the population of sustained-regular phenotype -this corresponded to a systematic decrease in the overall timelocking ability, with neurons in the dorsal medullary nucleus showing the best, and thalamic neurons exhibiting the poorest, time-locking ability, whereas neurons in the torus semicircularis displayed intermediate time-locking ability. These results suggest that the biophysical characteristics of single neurons also likely play a role in the change in temporal coding ability along the ascending auditory pathway.
INTRODUCTION
The temporal pattern of sounds is important for sound discrimination in humans (e.g., for speech perception) as well as in various vertebrates and invertebrates (Langner, 1992; Shannon et al. 1995) . For animals that produce species-specific vocal signals, the temporal cue is often critical for species recognition. This is best exemplified by call discrimination for two species of gray treefrogs whose advertisement calls have similar spectral characteristics but show distinct temporal properties. Specifically, the rate of amplitude modulation (AM) and the duration and rise/fall times of individual syllables differ between these species (Gerhardt, 2001 ).
In anurans, the coding of AM stimuli is transformed from a periodicity code in the auditory periphery, to a rate code in the auditory midbrain and thalamus where neurons function as temporal filters and respond selectively to different AM rates (Feng et al. 1990; Hall, 1994; Rose and Gooler, 2006) . The transformation of the coding scheme is partly attributed to the progressive decrease in time-locking ability of single neurons, from a maximum of 250 Hz at the auditory nerve and dorsal medullary nucleus (DMN, a homolog of the avian and mammalian cochlear nucleus) to <100 Hz at the torus semicircularis (TS, a homolog of the inferior colliculus) (Rose and Capranica, 1985; Feng et al. 1990; Simmons et al. 2000) . Responses of neurons in the auditory thalamus to repetitive acoustic stimuli show rapid adaptation with little or no time locking (Feng et al. 1990 ). Studies in mammals have similarly revealed the progressive decrease in time-locking ability along the central auditory pathway (Fitzpatrick et al. 1999; Llano and Feng, 1999 ; see review by Joris et al. 2004) . The change in time-locking ability is generally assumed to be due to a decrease in the fidelity of synaptic transmission with increasing numbers of synapses in the cascade, and to an increase in the strength of synaptic inhibition at successive stages of sound processing (Rouiller et al. 1979; Rhode and Greenberg, 1992; Feng and Lin 1994; Edwards et al. 2007 ).
There is growing evidence that cell's intrinsic properties contribute to various auditory response properties, including cell's time-locking ability and frequency preference (Llinas, 1988; Oertel, 1999; Hutcheon and Yarom, 2000; Yang et al. 2009 ). For example, the intrinsic membrane properties of neurons (e.g., low input resistance and short membrane time constant) as well as the compositions of ion channels are vitally important for the cell's ability to transmit signals rapidly and precisely (Manis and Marx, 1991; Sivaramakrishnan and Oliver, 2001; Soares et al. 2002; Trussel, 1999) . To determine whether or not the neurons' intrinsic biophysical properties play a role in the systematic change in time-locking ability of central auditory neurons, we performed in vitro whole-cell patch recordings from neurons in the auditory thalamus of Northern leopard frogs, Rana pipiens pipiens. We determined their membrane biophysical properties and their entrainment ability in response to depolarizing pulse trains at different repetition rates; these properties were compared to those of lower brainstem neurons (Yang and Feng 2007; Yang et al. 2009 ). Anatomically, the auditory thalamus, which is at the top of the cascade in the frog central auditory system, comprises two divisions: the posterior and central thalamic nuclei. They receive differential innervations from the TS and perform frequency analysis and temporal analysis, respectively (Hall and Feng, 1987; Feng and Lin, 1991) . We found that, whereas lower auditory brainstem neurons are heterogeneous, thalamic neurons are homogeneous exhibiting a uniform biophysical phenotype (i.e., giving sustained-regular discharge pattern when membrane was depolarized) that shows the longest membrane time constant and the poorest entrainment ability among all biophysical phenotypes. However, these neurons' dendritic morphology was diverse. These data indicate that the previously-described decrease in temporal precision shown in vivo may in part be attributed to the progressive increase in the population of sustained-regular phenotype with their particular intrinsic biophysical properties.
METHODS

Brain slice preparation and electrophysiological recordings
To prepare frog brain slices, young adult northern leopard frogs (Rana pipiens pipiens) weighing 10~25 g (6-9 months old) were anesthetized in 0.2 % tricaine methanesulfonate (MS-222, Sigma, St. Louis, MO) and then decapitated. All experiments were done in April to August. Once the brain was extracted, it was immediately placed in an appropriate oxygenated (95 % O 2 /5 % CO 2 ) Ringer solution (in mM) with a pH of 7.6: 104 NaCl, 4 KCl, 1.4 MgCl 2 6H 2 O, 10 D-glucose, 25 NaHCO 3 , 2.4 CaCl 2 2H 2 O. After removal of the dura mater, the tissue was embedded in a 3.2 % solution of low-melting-point agarose (Sigma, St. Louis, MO) dissolved in Ringer solution. After hardening and cooling the agarose block in a freezer (−12°C for 5 ~ 7 min), the block was trimmed to obtain desired slice orientation. The brainstem and forebrain was sectioned along the transverse plane into 300 μm slices using a vibratome (Ted Pella, 1000 plus). Brain slices were immersed in oxygenated Ringer solution in a tissue chamber for <1 hr at room temperature before the electrophysiological recording; the chamber was continuously perfused with Ringer solution at a rate of 2 ml/min.
In this study, we also made a simple comparison of the temporal firing patterns of auditory thalamic neurons in frogs and rats. To prepare rat brain slices, Sprague-Dawley rats (postnatal age: 10-16 days) were deeply anesthetized with sodium pentobarbital (55 mg/kg), the brains were quickly removed and placed into chilled (4°C), oxygenated (5% CO 2 and 95% O 2 ) slicing medium containing (in mM): 2.5 KCl, 1.25 NaH 2 PO 4 , 10.0 MgSO 4 , 0.5 CaCl 2 , 26.0 NaHCO 3 , 11.0 glucose, and 234.0 sucrose. The thalamic brain slices were obtained from coronal slices. Slices were transferred to a holding chamber containing oxygenated physiological saline that contained (in mM): 126.0 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 2.0 MgCl 2 , 2.0 CaCl 2 , 26.0 NaHCO 3 , and 10.0 glucose.
A fixed stage microscope (Olympus BX50WI) equipped with differential interference contrast optics and a 63X water-immersion objective is used to visualize individual neurons. The experimental protocols were reviewed and approved by the University of Illinois Institutional Animal Use and Care Committee (Protocol 05007). Patch electrodes were fabricated from 1.5 mm-diameter borosilicate glass micropipettes and had impedance of 3-6 MΩ when back-filled with the following solution (in mM) having a pH of 7.5-7.6 and osmolarity of 260-270 mOsm: 117 K-gluconate, 13 KCl, 1.0 MgCl 2 6H 2 O, 0.07 CaCl 2 2H 2 O, 0.1 EGTA, 10 HEPES, 3 ATP-Mg, 0.3 GTP-Na and 0.3 % biocytin. The initial access resistance typically ranged from 10 to 13 MΩ and remained stable with a series resistance of 9-14 MΩ during the recording session. Neurons showing >15% change in the series resistance were discarded. All recordings were performed at room temperature (2 2.5°C) using Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA). Data were collected and analyzed by means of pCLAMP software (Molecular Devices).
Recording loci
Patch clamp recordings were made from two primary nuclei of the auditory thalamus: the posterior (P) and central (C) nuclei (Neary and Northcutt, 1983; Hall and Feng, 1987) . From each frog, we could obtain only 2-3 brain slices (300 μm) that covered the rostrocaudal extent of the posterior and central thalamic nuclei (Fig. 1 ). Both these nuclei are situated within the dorsal thalamus, and consisted of similarly-sized neurons arranged in vertical laminae; the lateral nucleus, neighboring with posterior and central portions in rostral thalamus, can be distinguished by the lack of lamination and its lower cell density. The boundary between the posterior and central nuclei is characterized by a distinct reduction in cell density. To determine the recording locus, we took a digital photo of the location of the electrode tip after a neuron's biophysical properties were fully characterized. The locations were substantiated by biocytin staining of recorded neurons. For torus semicirularis (TS) neurons, whole cell-patch clamp recordings were made from all three auditory nuclei of the TS: the principal nucleus (Tp), the laminar nucleus (Tl), and the magnocelluar nucleus (Tmc) (Yang et al. 2009 ).
Biocytin labeling
To identify the locations of the recorded neurons and the cells' morphological characteristics, the cells were filled with biocytin while they were held in whole-cell patch mode. Following the conclusion of patch-clamp recording, we placed the slices in 4 % paraformaldehyde overnight. Slices were then reacted with avidin-biotin-peroxidase complex (ABC Elite, Vector Labs), mounted, and cover slipped with permount (Fisher Scientific, Pittsburgh, PA). Labeled neurons were examined under a light microscope and drawn with the aid of a camera lucida drawing attachment.
Basic membrane properties, firing pattern and entrainment ability
Basic membrane properties and biophysical phenotypes of auditory neurons were determined using the protocols established in an earlier study (Yang and Feng, 2007) . The membrane time constant and the input resistance were calculated from the voltage change evoked by small hyperpolarizing current. To determine a cell's biophysical phenotype, we observed its temporal discharge patterns in response to step depolarizing currents (500 ms duration), in 5 ~ 10 pA steps; we also studied the cell's responses to hyperpolarizing currents. The depolarization current was applied to supra-threshold levels sufficient to induce maximal firing, whereas the hyperpolarizing current was applied to a current large enough to evoke negative peak membrane voltage of ~−110 mV.
To investigate the cells' entrainment ability, we examined the cell's response to depolarizing pulses at various repetition rates, from 1 to 250 pulses per second (pps). Five repetitive current pulse trains at near threshold level were presented at various rates; the threshold level was the lowest current intensity (2 ms duration) that could elicit one spike. The numerical results are presented with mean ± SE, unless otherwise stated.
Chemicals
Concentrated stock solutions of pharmacological agents were prepared and diluted in Ringer solution to a final concentration before use. NBQX (10 μM), CPP (10 μM), ZD 7288 (Nethyl-1,6-dihydro-1,2-dimethyl-6-methylimino-N-phenyl-4-pyrimidin amine, 50 μM) and TTX (1 μM) were purchased from Tocris (Ellisville, MO). These drugs were bath applied in final concentrations.
RESULTS
Whole cell patch recordings were made from 43 neurons in the posterior (P) and central (C) nuclei of the frog auditory thalamus (Fig. 1a-c) . Additionally, we recorded 23 neurons from three nuclei (Tp, Tl, and Tmc) of the torus semicircularis (Fig. 1d) .
Biophysical and morphological cell types in the thalamus
Central and posterior thalamic neurons were homogeneous exhibiting a sustained-regular discharge pattern in response to step depolarizing currents -this pattern was characterized by constant inter-spike intervals over the entire duration of current injection, and the interspike interval progressively shortened with increasing depolarization current. The responses of central neurons to hyperpolarizing currents were relatively faster compared to those of posterior neurons (Fig 2Ai) . As shown in Table 1 and Fig. 2Aii , although central and posterior thalamic neurons uniformly displayed sustained-regular patterns, two of their intrinsic properties, i.e., their input resistance (Tukey ANOVA, F 1,41 =12.8, P < 0.01) and time constant (F 1,41 =6.8, P = 0.012), differed significantly for the two nuclei, with posterior neurons showing higher input resistance and longer time constant compared to central neurons.
The morphologies of 21 thalamic neurons (14 in the central nucleus and 6 in the posterior nucleus) across the rostrocaudal extent of the thalamus were characterized in detail. In spite of the uniform temporal firing pattern, we found that their morphology was diverse -this was applicable to both central and posterior nuclei (Fig. 2Bi) . Three different soma shapes and dendritic arborization patterns were observed. First was cells showing spherical somata and bipolar or tripolar (with a small appendage) dendritic arborization patterns ( Fig. 2Bii ; 4 in central nucleus, 2 in posterior nucleus). The 2-3 primary dendrites emanating from the cell body projected in different directions giving rise to multiple but short dendritic bifurcations. The soma size of these spherical cells was large (n = 6, 18.8 ± 2.6 μm) compared to the others (n = 14, 13.9 ± 1.3 μm). Second was neurons exhibiting stellateshaped somata ( Fig. 2Biii ; 3 in central nucleus, 2 in posterior nucleus; 15.0 ± 1.2 μm), with multiple primary dendrites emanating from different poles of the soma and projecting in various directions. The third group was characterized by unipolar dendritic arborization patterns (with a small appendage) having minute spherical somata ( Fig. 2Biv ; 7 in central nucleus, 2 in posterior nucleus; 12.4 ± 1.5 μm). One difference in the dendritic morphology of neurons in the central and posterior nuclei was that the dendrites of central neurons projected exclusively laterally, while the dendrites of some posterior neurons projected toward the midline.
Next, we tested whether frog thalamus neurons have a burst-firing mode driven by lowthreshold transient Ca 2+ (I T ), as commonly observed in thalamic neurons in mammals (Jahnsen and Llinas 1984; Llinas, 1988) . As shown in Figure 3A , all rat thalamic neurons tested (n=6) display burst firing riding on their regular firing -this has been shown to be attributable to I T , a current that tolerates the presence of 1 μM TTX. Surprisingly, we observed no evidence for burst discharges in any frog thalamic neurons (n=4), suggesting that the frog auditory thalamic neurons do not possess I T . In 4 thalamic neurons, we directly examined the possible occurrence of I T in the presence of TTX. Under current-and voltageclamp modes, we could not observe I T (Fig. 3Bi and Bii)
Comparison of cells' biophysical properties across the auditory brainstem
The intrinsic biophysical properties of thalamic neurons were substantially different from those of lower auditory brainstem that were derived using identical techniques. First, the biophysical properties of neurons in the DMN (Yang and Feng, 2007) , and the TS (Yang et al. 2009 ), were heterogeneous (Table 1 ). In the DMN, neurons displaying onset and onsetlike (or phasic-burst) firing patterns in response to step depolarizing currents were the dominant (59 %) biophysical phenotype (Fig. 4A) . This phenotype was absent in the thalamus. In contrast, the population of sustained-regular phenotype was low in the DMN (30%) when compared to the thalamus (100%). The populations of onset-like and sustainedregular phenotypes in the TS were intermediate between the DMN and the thalamus, having 11% onset-like phenotype and 38 % sustained-regular phenotype (contrasting to 0% and 100% in the thalamus, respectively), with adapting neurons being the dominant biophysical phenotype (46%). The distributions of biophysical phenotypes in the three different nuclei were significantly different (χ 2 = 127, P < 0.001).
Second, the input resistance of DMN and TS neurons differed substantially from that of thalamic auditory neurons (Fig. 4B) . Whereas the input resistance of the majority of DMN neurons is <200 MΩ, that of TS neurons is between 201 and 1000 MΩ and that of thalamic neurons was even higher (essentially exclusively >1000 MΩ). As ion channel composition (or distribution) has been shown to contribute to shaping intrinsic membrane properties, e.g., I h critically contributes to determining the cell's input resistance, and thus to determining the ability to encode temporal features of sound (Pape, 1996; Koch and Grothe, 2003; Yang and Feng, 2007) , we additionally measured the magnitude of I h of thalamic neurons and compared it with those of DMN and TS neurons. In four thalamic neurons, we applied 50 μM ZD 7288 while cells were held in the whole-cell patch voltage-clamp configuration. The effects of ZD 7288 were compared with those of the dominant phenotypes in lower auditory nuclei, e.g., onset neurons in the DMN (n = 4) and adapting neurons in the TS (n = 11) (Fig.  4C ). As expected with differential distribution of input resistance of each phenotype, they were significantly different when measured at −100 mV holding (Tukey ANOVA, F 2,15 =10.6, P < 0.01).
Entrainment ability
To gain insight into the entrainment ability of auditory thalamic neurons, we studied the cells' responses to depolarizing pulse trains at various repetition rates, in the presence of synaptic blockers (10 μM NBQX for AMPA receptors and 10 μM CPP for NMDA receptors) that eliminated extrinsic influences. We found that, with near-threshold stimulations (1 -1.2X), a sustained-regular neuron in the central thalamic nucleus could follow depolarization pulses, with 1-1 firing, up to 50 pps. In contrast, a sustained-regular neuron in the posterior nucleus could not follow depolarization pulses even at 3.3 pps (Fig.  5Ai) . The pooled data (Fig. 5Aii) indicated that the entrainment ability of central neurons (n = 11; 39 ± 17 pps) appeared superior to that of posterior neurons (n = 3; 4.7 ± 1.8 pps), but the difference was not statistically significant perhaps due to the small sample size from the posterior nucleus (Tukey ANOVA, F 1, 12 = 1.06, P = 0.32).
To compare the time locking ability of thalamic neurons with lower brainstem neurons, we determined the entrainment ability of 23 TS neurons using an identical current injection protocol (for definition of cell's phenotype see Table 1 ). With near-threshold stimulations, fast-adapting TS neurons (n = 4) exhibited the strongest entrainment ability, with an average cutoff for 1-1 firing of 187 ± 21 pps (Fig 5B) -this was followed sequentially by slowadapting neurons (n = 9, 151 ± 15 pps), onset-like neurons (n = 2, 100 ± 00 pps), type-I sustained-regulars (n = 4, 79 ± 21 pps), and type-II sustained-regulars (n = 5, 52 ± 18 pps). The entrainment ability of TS neurons was generally higher than that of auditory thalamic neurons.
We also compared the current findings with those reported previously in the DMN (Yang and Feng, 2007) . In the DMN, the phasic-burst phenotype has the best entrainment ability (277 ± 28 pps). In the other extreme, sustained-regular neurons in the posterior thalamus exhibited the worst entrainment ability (4.7 ± 1.8 pps) among all auditory neurons in the brainstem. When we compared the best entrainment ability of neurons across the ascending auditory nuclei (Fig. 5C ), we found that the best entrainment ability of thalamic neurons, i.e., that of central thalamic neurons, differed significantly from those of phasic-burst and fast-adapting neurons in the DMN and TS, respectively. (Tukey ANOVA, F 2,19 = 18.6, P < 0.01). However, the entrainment ability of the sustained-regular phenotype between the auditory nuclei was not significantly different (Fig. 5D , Tukey ANOVA, F 2,27 = 1.44, P = 0.25). These results therefore suggest that the gradual decrease of time-locking ability along auditory pathway is in part due to a systematic increase in the number of sustained-regular phenotype.
Discussion
Neurons in the first central auditory station of the anuran, avian and mammals are heterogeneous exhibiting diverse biophysical phenotypes -the heterogeneity allows the auditory system to process the contextual and directional information in parallel (Oertel, 1999; Trussell, 1999; Carr and Soares, 2002; Yang and Feng, 2007) . The common biophysical phenotype in the cochlear nucleus (or homologous structures in birds and anurans) is onset and onset-like (phasic-burst) neurons and is characterized by exhibiting one or a few spikes in response to step depolarization currents, irrespective of the current intensity. In light of the rapid channel and receptor kinetics, such neurons have the capacity to faithfully preserve time and phase information in the acoustic signals, making it possible for binaural phase information to be compared and processed in the superior olive. In contrast, the sustained-regular phenotype, characterized by a regular firing pattern in response to depolarization currents, is well suited for processing sound level as they show a wide dynamic response range, and a progressive increase in the firing rate with increasing level of stimulation. Another major phenotype (the adapting neurons) is characterized by a pronounced adaptation in the firing rate responding to step depolarization currents. The intrinsic membrane properties and the time-locking ability of adapting neurons are intermediate between onset-like and sustained-regular neurons.
In frogs, the biophysical properties of neurons in three central auditory structures are now fully characterized: the DMN (the first auditory station; Yang and Feng, 2007) , the TS that is a homolog of the mammalian inferior colliculus (Yang et al. 2009) , and in the present study the auditory thalamus. Surprisingly, frog thalamic auditory neurons are biophysically homogeneous, consisting purely of sustained-regular phenotype.
Results of the present and the earlier in vitro studies (Yang and Feng, 2007; Yang et al. 2009) show that there is a systematic change in the populations of biophysical phenotypes along the ascending auditory pathway (Table 1) . Specifically, whereas the DMN is populated predominately by onset and onset-like phenotypes possessing the strongest entrainment ability, thalamic neurons exclusively comprise sustained-regular phenotype which is characterized by the worst entrainment ability among all biophysical phenotypes. The TS is intermediate between the DMN and the thalamus in terms of the populations of onset-like and sustained-regular phenotypes; its largest population is adapting neurons that possess intermediate entrainment ability. Thus, the two major trends along the frog ascending auditory pathway are: 1. There is a progressive decrease in the population of onset-type biophysical phenotype, 2. There is a progressive increase in the population of sustained-regular phenotype. The increase in the population of sustained-regulars having very poor entrainment ability suggests that the cell's intrinsic membrane properties likely contribute to the steady decrease in sound-evoked time-locking ability.
It has been suggested that pattern of ion channel expression in a neuron is a major contributor to its intrinsic excitability and time locking properties, along with the type of channels and their kinetics (Trussell 1999; Sivaramakrishnan and Oliver, 2001; Carr and Soares, 2002; Yang and Feng, 2007) . Many neurons in auditory nuclei possess I h current which does not merely determine membrane properties (lowering the membrane resistance), but also transforms the cell's firing pattern (Pape, 1996; Oertel 1999; Yang et al. 2009 ). Like I h , the inwardly rectifying potassium channel (I kir ) and the low-threshold potassium channel (I kl ) contribute significantly to cell's intrinsic membrane properties and thus to the precision in signal transmission. Interestingly, the sustained-regular phenotype in the DMN and TS generally show only minute amounts of I h, I kir and I kl -this finding may extend also to the sustained-regular phenotypes in the thalamus. As all thalamic neurons have high input resistance and long time constant, perhaps due in part to reduced amounts of I h, I kir and I kl , their inferior time-locking ability makes them unsuitable for precise periodicity coding (this function is largely carried out in lower auditory nuclei), giving them mainly the rate code for encoding amplitude modulated stimuli.
In contrast, in mammals, thalamic neurons commonly display burst firing with lowthreshold Ca 2+ spikes which promotes the relaying of time-locked activity to the auditory cortex (Jahnsen and Llinas 1984; Llinas, 1988; Guillery & Sherman, 2002; Llinas & Steriade, 2006; Wallace et al., 2007) . Llinas and Steriade (2006) further reported that thalamic neurons in all vertebrates, including amphibians (without specifying the recording region), possess a bursting mode. We, however, did not find any neurons with a lowthreshold Ca 2+ -mediated burst-firing mode. Thus, the burst-firing pattern is likely a property of neurons in thalamic regions other than the posterior and central nuclei.
It has previously been suggested that multiple synapses may not always contribute to inferior time-locking ability of neurons in higher auditory centers. The strength of time locking can actually be enhanced or retained by the convergence of synaptic inputs (Langner, 1992; Joris et al. 1994; Wallace et al. 2007 ). An implication of the above tenet is that, systematic changes in cells' intrinsic properties along the ascending auditory pathway, as shown here with the frog's central auditory system, may be an important contributor to the systematic decrease in time locking ability.
In vivo studies in the mammalian medial geniculate body showed that phase-locking is unitand region-specific, with units in the medial division showing a similar upper limit of phaselocking as units in the inferior colliculus, and units in the ventral division showing a lower upper limit, much like units in the primary auditory cortex (Wallace et al. 2007 ); these investigators did not test the individual cells' ability to process synaptic transmission (e.g., synaptic jitter) nor determine the cell's intrinsic membrane properties. Interestingly, we also found that the two divisions of frog thalamus show differential time-locking ability. Our studies further show that this difference is at least in part attributed to differences in cells' intrinsic biophysical properties.
In lower auditory nuclei, cells' firing patterns tend to correspond to their morphology (Rhode et al. 1983 , Cant, 1992 Rhode and Greenberg, 1992; Carr and Soares, 2002; Yang and Feng, 2007) . For the frog thalamus, the dendritic morphology of a single biophysical phenotype is diverse, and thus there is no 1-1 correspondence. The heterogeneity of the dendritic morphology does not appear to account for the functional dichotomy of the frog auditory thalamus (e.g., the posterior and central nuclei are devoted to spectral and timedomain processing, respectively) (Hall and Feng, 1987) . On the other hand, our finding that neurons in the posterior nucleus have higher input resistance and longer time constant than those in the central nucleus may contribute to the functional dichotomy, as the very high input resistance of sustained-regulars in the posterior nucleus is not suited for time-domain processing. Nonetheless, this hypothesis requires experimental validation through in vivo patch clamp studies.
Highlight
Frog thalamic neurons are homogeneous displaying regular firing pattern, but heterogeneous morphology.
Thalamic neurons show poor entrainment ability compared to lower auditory neurons.
It implicates progressive decrease of time-locking ability along auditory pathway. Representative sustained-regular phenotypes in the central and posterior nuclei of the auditory thalamus. Ai. Responses to step depolarizing currents of 60 and 30 pA for a central thalamic neuron (20 and 10 pA for a posterior thalamic neuron) are characterized by constant inter-spike intervals; the fourth trace shows the response to a hyperpolarizing stepcurrent of −30 pA for the central thalamic neuron (−10 pA for the posterior thalamic neuron). Aii. Distribution of the time constant of thalamic neurons as a function of their input resistance. The time constant and the input resistance of central thalamic neurons differ from those of posterior thalamic neurons. B. Biocytin-filled sustained-regulars with different dendritic arborization patterns. Sustained-regulars show heterogeneous morphological phenotypes: bipolar (Bii), multipolar(Biii), and unipolar (Biv). Abbreviation: C, central thalamic nucleus; P, posterior thalamic nucleus. *P < 0.05. Absence of I T in frog thalamic neurons. In contrast to rat thalamic neurons, frog thalamic neurons did not show low-threshold Ca 2+ -mediated inward current (I T ) in both the current clamp (Ai) as well as the voltage clamp mode (Aii), respectively. Comparison of the distributions of biophysical phenotypes (A), membrane input resistance (B), and I h magnitude (C) of neurons in the DMN, TS and auditory thalamus. Abbreviation: C, central thalamic nucleus; P, posterior thalamic nucleus. *P < 0.05. Error bars represent standard error. Abbreviation: C, Central; P, Posterior; OL, onset-like; FA, fast-adapting; SA, slow-adapting; SRI, sustained-regular type-I; SR II, sustained-regular type-II. Abbreviation: PB, phasic-bursting; ON, onset. *P < 0.05; n.s., not significant. Table 1 Shown are biophysical phenotypes (with two intrinsic membrane characteristics) and their distributions along the frog central auditory pathway (Yang & Feng, 2007 for DMN; Yang et al., 2009 for TS) . 
